Clayton SC, Haack KK, Zucker IH. Renal denervation modulates angiotensin receptor expression in the renal cortex of rabbits with chronic heart failure. Am J Physiol Renal Physiol 300: F31-F39, 2011. First published October 20, 2010 doi:10.1152/ajprenal.00088.2010.-Excessive sympathetic drive is a hallmark of chronic heart failure (HF). Disease progression can be correlated with plasma norepinephrine concentration. Renal function is also correlated with disease progression and prognosis. Because both the renal nerves and renin-angiotensin II system are activated in chronic HF we hypothesized that excessive renal sympathetic nerve activity decreases renal blood flow in HF and is associated with changes in angiotensin II type 1 receptor (AT1R) and angiotensin II type 2 receptor (AT2R) expression. The present study was carried out in conscious, chronically instrumented rabbits with pacing-induced HF. We found that rabbits with HF showed a decrease in mean renal blood flow (19.8 Ϯ 1.6 in HF vs. 32.0 Ϯ 2.5 ml/min from prepace levels; P Ͻ 0.05) and an increase in renal vascular resistance (3.26 Ϯ 0.29 in HF vs. 2.21 Ϯ 0.13 mmHg·ml Ϫ 1·min in prepace normal rabbits; P Ͻ 0.05) while the blood flow and resistance was not changed in HF rabbits with the surgical renal denervation. Renal AT1R expression was increased by ϳ67% and AT2R expression was decreased by ϳ87% in rabbits with HF; however, kidneys from denervated rabbits with HF showed a near normalization in the expression of these receptors. These results suggest renal sympathetic nerve activity elicits a detrimental effect on renal blood flow and may be associated with alterations in the expression of angiotensin II receptors. cardiorenal syndrome; norepinephrine; renal sympathetic nerve activity; angiotensin II HEART FAILURE (HF) affects over 5 million people in the United States (38). Sympathoexcitation has long been implicated in the progression of HF. Excessive sympathoexcitation, as evidenced by plasma norepinephrine (NE) levels, is associated with lower left ventricular ejection fraction and higher mortality (11). Another indicator of HF severity and clinical outcomes is renal function. Assessing renal function, via serum creatinine, is an important prognostic tool and can be more predictive of outcomes in advanced HF than cardiac measurements (27, 28) . A recent clinical study showed that estimated glomerular filtration rate (GFR) was the strongest predictor of outcomes, irrespective of NYHA class and treatment strategy (28). In hospitalized patients, worsening renal function was associated with greater complications, longer stays, more frequent admissions, and poorer survival (50). The renal dysfunction seen in HF patients is not necessarily independent of the excessive sympathetic tone and can feed back via afferent signaling to increase sympathetic drive to the kidney (45, 46).
HEART FAILURE (HF) affects over 5 million people in the United States (38) . Sympathoexcitation has long been implicated in the progression of HF. Excessive sympathoexcitation, as evidenced by plasma norepinephrine (NE) levels, is associated with lower left ventricular ejection fraction and higher mortality (11) . Another indicator of HF severity and clinical outcomes is renal function. Assessing renal function, via serum creatinine, is an important prognostic tool and can be more predictive of outcomes in advanced HF than cardiac measurements (27, 28) . A recent clinical study showed that estimated glomerular filtration rate (GFR) was the strongest predictor of outcomes, irrespective of NYHA class and treatment strategy (28) . In hospitalized patients, worsening renal function was associated with greater complications, longer stays, more frequent admissions, and poorer survival (50) . The renal dysfunction seen in HF patients is not necessarily independent of the excessive sympathetic tone and can feed back via afferent signaling to increase sympathetic drive to the kidney (45, 46) .
The kidney generates ANG II generation through the release of renin by the juxtaglomerular cells. In addition, cellular elements within the kidney contain a local renin-angiotensin system (RAS). No matter the origin, ANG II has important consequences in the kidney, in health and disease. In some instances, angiotensin type 1 receptor (AT1R) stimulation results in decreases in GFR and renal blood flow (RBF) that result in net sodium and water reabsorption (6) . The response of the vasculature to ANG II is altered in disease states characterized by sympathoexcitation, such as hypertension and HF. For instance, in spontaneously hypertensive rats (SHR), the sensitivity of renal vessels to ANG II is enhanced (32) . Additionally, the vasodilator response to ANG II type 2 receptor (AT2R) stimulation is reduced in the afferent arterioles of young SHR (19) . These responses could be due to altered receptor expression and/or changes in the signaling pathways activated in disease states.
Both receptor subtypes have been identified in the kidney of most species, including the rabbit (7) . Previous studies have focused on the role of the AT1R in mediating the deleterious effects of ANG II, while the AT2R has largely been overlooked, perhaps because of the relatively low level of expression in adult tissue. On the other hand, recent work suggests that the AT2R may be an important additional mediator of ANG II action. Otsuka et al. (43) showed that both the AT1R and AT2R are involved in vascular remodeling seen in the aorta of SHR; AT1R stimulation increased extracellular matrix formation and cellular hypertrophy, whereas stimulation of the AT2R primarily affected vascular smooth muscle cell (VSMC) hypertrophy. Many studies have investigated a dual action of ANG II on VSMC relaxation. Systemic overexpression of AT2R by viral transfection resulted in a greater depressor action of losartan which was blocked by the AT2R antagonist PD123319, implicating AT2R in systemic vasodilation (34) .
Renal nerve activation can have profound influences on renal hemodynamics (13) . Handa and Johns (24) showed that renal sympathetic nerve stimulation results in a decrease in RBF that is abolished by administering an angiotensin-converting enzyme inhibitor (ACE-I). The influence of the renal nerves on tubular function is related, in part, to the release or production of ANG II. Early work by Mogil et al. (40) hypothesized that intact nerves are required for the normal response to changes in sodium metabolism by activation of the RAS. More recent evidence in support of this hypothesis indicates that both (renal nerves and an intact RAS) are required for acute renal nerve stimulation to influence sodium reabsorption in anesthetized rats (24) . Several studies have investigated how these two mechanisms are associated. It has been shown that ANG II acts primarily on the presynaptic nerve terminal AT1R to modulate release of NE (3, 12, 13) . Renal nerve stimulation is also related to the RAS through the ␤1-adrenoreceptors on the juxtaglomerular cells, which results in renin release. HF may exaggerate this response through an increase in renal sympathetic nerve activity and changes in receptor profiles, as well as alter cellular signaling pathways within the kidney. However, the direct effect of long-term renal nerve activation on the expression of ANG II receptors in the HF state has not been investigated.
Therefore, in the present study we hypothesized that increased renal sympathetic nerve activity in HF would contribute to increased renal vascular resistance (RVR). We also hypothesized that there would be associated changes in ANG II receptor expression. To this end, we employed animals with and without chronic renal denervation (DnX) and measured RBF and renal vascular AT1R and AT2R protein expression.
MATERIALS AND METHODS

Animal Model
Experiments were carried out using 30 male New Zealand White rabbits weighing between 3 and 4 kg. All experiments were reviewed and approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee and conformed to the guidelines for the care and use of animals of the American Physiological Society and the National Institutes of Health.
Surgical Preparation
All rabbits underwent sterile thoracic instrumentation as described previously (36, 37) . In brief, a platinum wire pacing electrode was sutured to the epicardium of the left ventricle. A ground electrode was also secured, usually to the left atrial appendage. All wires were tunneled and exited through the skin at the midscapular region. The chest was closed and evacuated; in the same setting, a radiotelemetry device (model PA-C40, Data Sciences International, St. Paul, MN) was implanted into the right femoral artery, and the tip of the catheter was positioned in the descending aorta for blood pressure and heart rate measurements in the conscious state. Rabbits were allowed to recover for at least 2 wk before the subsequent surgery.
After recovering from the thoracic surgery, all rabbits were subjected to a second surgery. Through a left flank incision, the left renal artery was exposed to allow placement of a flow probe (2-mm S series perivascular probe, Transonic Systems, Ithaca, NY). Before placement of the flow probe, in the DnX animals, all visible nerves adjacent to the renal artery and vein were carefully dissected and excised. The flow probe cable was placed around the vessel, tunneled under the skin, and exteriorized in the midscapular region, dorsal to the cardiac wires. Rabbits were again allowed to recover for 2 wk before pacing was begun.
Induction of HF
After recovery from surgery, baseline hemodynamic measurements were taken for ϳ10 min in the conscious rabbit quietly resting in a Plexiglas box in the laboratory on at least 3 separate days. HF was induced by chronic and sustained ventricular pacing as described previously (37) . In brief, animals were paced at a rate of 360 -380 bpm with the use of a small, lightweight pacing unit of our own design. Rabbits were paced continuously for 3 wk. The progression into HF was monitored by weekly echocardiograms (Accuson Sequoia 512 C; 4-MHz probe) in the conscious state. Cardiac dimensions (left ventricular end-diastolic diameter, left ventricular endsystolic diameter, fractional shortening, and ejection fraction) and other hemodynamic parameters were measured using standard formulas from the parasternal short axis view in the M mode configuration. In addition to left ventricular dimension and contractility changes in the heart, clinical signs of HF such as ascites, pulmonary congestion, and cachexia were evident as symptoms of this HF model. When animals were in stable HF with an ejection fraction of ϳ40% (20 Ϯ 2 days, intact, vs. 17 Ϯ 2 days, DnX, not significant, P ϭ 0.41), additional baseline recordings were taken as described above (10 min on 3 separate days) to evaluate renal blood flow (RBF), arterial pressure, heart rate, and RVR. At the conclusion of the experiments, animals were euthanized with an overdose of pentobarbital sodium; kidneys were quickly removed and placed on ice for further biochemical analysis.
Experimental Protocols
Three protocols were followed in this study. A representative timeline is depicted in Fig. 1 . A total of 30 animals were used: 10 animals for protocol 1, 17 for protocol 2 (5 from protocol 1); and 18 for protocol 3 (10 from protocol 1.) Protocol 1 (10 animals) . This set of experiments focused on in vivo measurement of RBF. Rabbits in this protocol underwent surgical preparation and induction of HF as described above. Five rabbits were subjected to unilateral renal denervation (DnX) during the renal surgery; five rabbits remained intact. In vivo measurements were made in the pre-and postpace states.
Protocol 2 (17 animals) . This protocol was designed to validate the effectiveness of the surgical DnX maneuver. Animals were surgically instrumented as described above and were subjected to the same pacing procedure, 5 DnX (from protocol 1) and 5 additional intact. After the renal surgery, the effectiveness of renal denervation was tested using the response of the renal vasculature to cigarette smoke. The response to oropharyngeal delivery of cigarette smoke (60 ml) is one intervention to near maximally activate the sympathetic nervous system (41) . The five intact animals that did not have their nerves severed during the renal surgery served as the pre-and postpace controls to compare the RBF response to smoke administration. Briefly, the heart was paced just above the resting heart rate using an external pacemaker to circumvent the bradycardia evoked by the smoke response. A 60-ml syringe was filled with cigarette smoke. The smoke was then delivered near the external nares of the rabbit. The RBF data are expressed as percent change from baseline in response to smoke (30-s average during the peak response).
A separate group of animals (n ϭ 7) was used to analyze tissue NE content. These animals underwent the same surgical preparation as described above for DnX and were euthanized ϳ4 wk after the renal surgery. We measured NE content in both the left (denervated) and right (innervated) kidneys to compare values within the same animal. Samples of kidney cortex were collected after euthanasia. Tissue homogenates were subjected to an ELISA (GenWay Biotech, San Diego, CA) to determine NE content to verify that renal denervation was sustained until the end of the experimental protocol. NE content was normalized to protein concentration, measured using a protein assay kit (Pierce, Rockford, IL) after extraction.
Protocol 3 (18 animals) . This protocol focused on analyzing renal ANG II receptor expression. All 10 animals from protocol 1 were used in this protocol (postpace intact and postpace DnX). Additionally, nine rabbits with the same surgical preparation as described above were not paced but maintained over the same time period as those subjected to chronic pacing. Five of these nine had intact renal nerves; four were DnX.
To try to identify changes within the resistance vasculature, we isolated microvessels. A microvessel-enriched lysate was obtained from the cortex of kidneys by a sieving procedure, slightly modified from that previously described (20) . Kidneys were longitudinally sectioned, and the cortex was separated from the medulla. Samples were ground against an 8-in., 180-m stainless steel mesh. The tissue was rinsed with HBSS buffer and placed into a small flask containing 1 mg/ml collagenase. The flask was placed into a 37°C water bath and gently shaken (100 rpm) for ϳ15-20 min. A microscope was used to determine digestion of connective tissue and tubular elements and at least a 60% microvascular yield of vessels Յ100 m. The mixture was passed over another 150-m stainless steel mesh and rinsed several times with cold HBSS to increase our microvascular yield to at least 70% vessels.
Once the vessel-enriched sample had been prepared, protein extraction took place and the concentration of protein extracted was measured using a protein assay kit (Pierce). Protein extracts were mixed with 2ϫ 4% SDS sample buffer to obtain equal final amounts of protein in solution. The samples were boiled for 5 min and then loaded onto a 10% SDS-PAGE gel (30 g protein/well) for electrophoresis using a Bio-Rad minigel apparatus at 40 mA/gel for 45 min. The fractionized protein on the gel was transferred onto a polyvinylidene difluoride membrane (Millipore, Billerica, MA) and subjected to electrophoresis at 300 mA for 90 min. The membrane was probed with primary antibodies (AT1R rabbit polyclonal antibody, 1:500, Santa Cruz Biotechnology; AT2R rabbit polyclonal antibody, 1:500, Santa Cruz Biotechnology; GAPDH mouse monoclonal antibody, 1:1,000, Santa Cruz Biotechnology) and a secondary antibody [goat antirabbit IgG-horseradish peroxidase (HRP), 1:5,000, Santa Cruz Biotechnology; goat antimouse IgG-HRP, 1:5,000, Santa Cruz Biotechnology] and treated with enhanced chemiluminescence substrate (Pierce) for 5 min at room temperature. The bands on the membrane were visualized and analyzed using UVP BioImaging Systems (Epi Chemi II Darkroom, UVP, Upland, CA). GAPDH served as the loading control for the membranes. Protein data are reported as the ratio of receptor to GAPDH signal. The specificity of these antibodies was examined by preabsorption with blocking peptides targeted to the epitopes of the AT1R and AT2R. These data are provided in the online supplementary material for this paper (available on the journal web site).
Data Analysis
Data are expressed as means Ϯ SE. All hemodynamic data were acquired using a 16-channel Powerlab (model 16 SP; ADInstruments, Colorado Springs, CO) with the rabbit resting quietly in a plexiglas box in the laboratory. RVR was calculated online using the Chart5 (ADInstruments) program by dividing mean arterial pressure (MAP) by mean RBF. While central and renal venous pressures were undoubtedly elevated following induction of HF, this was neglected for this calculation. Each rabbit was studied prepacing and after chronic ventricular pacing (postpace) for hemodynamic and smoke response data. A paired t-test was used for in vivo data (comparing the pre-and postpacing data in the same animal) and NE content (comparing the effect of DnX on the left kidney compared with the right intact kidney); differences between groups (the effect of DnX) were determined by a one-way ANOVA followed by the post hoc Bonferroni test to compare individual groups. A probability value of P Ͻ 0.05 was considered statistically significant. Table 1 compares baseline parameters in prepace, postpace, prepace DnX, and postpace DnX groups in the 10 rabbits from protocol 1. There were no significant differences among groups in the prepace state. After induction of HF, there was no significant change in baseline HR; however, in animals with HF, there was a reduction in MAP. In postpace DnX animals, the reduction in MAP did not reach significance (P ϭ 0.49). Left ventricular end systolic diameter increased significantly in the HF state. Left ventricular end diastolic diameter did not significantly increase in either the intact or DnX groups (P ϭ 0.22, intact, and P ϭ 0.11, DnX). Fractional shortening and ejection fraction were significantly reduced after 3 wk of pacing in both groups.
RESULTS
Baseline Hemodynamics
Baseline RBF and RVR
To determine the influence of renal DnX on RVR, we measured RBF and arterial pressure in intact and DnX groups before and after chronic pacing. Figure 2 shows an original hemodynamic recording of arterial pressure, HR, RBF, and RVR in the same animals in the prepace state and after 3 wk of continuous ventricular pacing in an intact [prepace ( Fig. 2A) , and postpace (Fig. 2B) ] and in a renal DnX rabbit [prepace (Fig. 2C) and postpace (Fig. 2D) ]. Note the maintenance of RBF in the DnX rabbit after 3 wk of ventricular pacing (Fig.  2, C vs. D) despite a similar reduction in ejection fraction (see Table 1 for group data). Figure 3 shows mean group comparisons of RBF and RVR. Induction of HF significantly reduced baseline RBF to 19.8 Ϯ 1.6 ml/min (vs. prepace, 32.0 Ϯ 2.5 ml/min, P Ͻ 0.05), whereas there was no reduction in RBF in the postpace DnX group (38.5 Ϯ 2.4 prepace DnX vs. 39.6 Ϯ 4.5 ml/min postpace DnX). RBF in the postpace DnX group was not different from that in prepace intact animals.
RVR showed similar changes to RBF (Fig. 3B) . RVR of intact postpace animals was significantly elevated compared with the prepace state (2.21 Ϯ 0.13 prepace vs. 3.26 Ϯ 0.29 mmHg·ml 
Response to Smoke and Renal NE Content
All animals that underwent the surgical denervation maneuver exhibited a blunted reduction in RBF in response to cigarette smoke (Fig. 4) which functionally confirmed adequate renal denervation. The same rabbits were tested after 3 wk of pacing, and intact rabbits still showed a marked reduction in RBF in response to smoke while DnX rabbits showed virtually no reduction. In addition, in a separate group of animals there was a significant reduction in tissue NE content in the DnX kidneys compared with the intact kidneys [20.2 Ϯ 8.8 pg NE/g protein, right (intact) vs. 0.5 Ϯ 0.2 pg NE/g protein, left (DnX), P Ͻ 0.05]. These data verify the effectiveness of the DnX procedure throughout the duration of the experimental protocols.
AT1R and AT2R Expression
To examine a possible mechanism by which the renal nerves influence renal hemodynamics in HF, we evaluated changes in ANG II receptor expression in renal cortical vessels from four groups of rabbits (nonpaced, nonpaced DnX, postpace, and postpace DnX; see MATERIALS AND METHODS). As shown in Fig. 5 , in the presence of intact renal nerves, renal AT1R expression was significantly greater in paced rabbits (1.02 Ϯ 0.11) than those that had not been paced (0.34 Ϯ 0.03, P Ͻ 0.05). However, this increase was significantly lower in paced DnX then in non- paced DnX (0.25 Ϯ 0.06 nonpaced DnX vs. 0.57 Ϯ 0.08 postpace DnX, P Ͼ 0.05.) The expression of AT1R in the postpace DnX group was significantly lower than in postpace intact animals. These data suggest that AT1R expression is regulated (directly or indirectly) by renal nerves in animals with chronic HF.
We also examined AT2R protein expression in cortical microvessels from each group of rabbits. Interestingly, we found reciprocal changes in expression of AT2R compared with that of the AT1R. In intact postpace animals, there was a reduction in the expression of AT2R compared with intact nonpaced animals (0.23 Ϯ 0.04 nonpaced vs. 0.03 Ϯ 0.01 in the postpace group, P Ͻ 0.05; Fig. 5B ). In paced DnX animals, this reduction was diminished (0.22 Ϯ 0.01, nonpaced DnX, vs. 0.10 Ϯ 0.01 in the paced DnX group, P Ͻ 0.05).
Because the balance between AT1R and AT2R signaling may predict the state of vascular tone, we determined the relative balance of these two receptors in cortical microvessels (Fig. 6 ). In rabbits with intact renal nerves, the ratio of AT1R to AT2R expression was greatly increased in paced rabbits (1.9 Ϯ 0.5 nonpaced vs. 32.8 Ϯ 5.6 in postpace, P Ͻ 0.01). This effect of pacing was greatly blunted by renal DnX (1.12 Ϯ 0.1 nonpaced DnX vs. 5.6 Ϯ 0.8 in the paced DnX group, P Ͼ 0.05.)
DISCUSSION
It is well established that the renal sympathetic nerves modulate a variety of renal parameters, including RBF, renin release, GFR, and salt and water reabsorption (14, 15) . The current study was designed to determine the influence of the renal sympathetic nerves on renal hemodynamics and ANG II receptor expression in cortical blood vessels of animals with chronic HF. Using chronic renal DnX, we documented in awake, instrumented rabbits with pacing-induced HF the influence of the renal nerves in mediating changes in RBF, RVR, and the expression of both AT1R and AT2R.
Following renal DnX, the increased AT1R and decreased AT2R expression was abrogated in rabbits with chronic HF. In addition, RBF and RVR were similar to prepace intact rabbits ϳ5 wk following renal DnX. These data are consistent with the view that the renal nerves are potent modulators of renal function and may be important in ANG II receptor regulation in the setting of chronic HF. However, in our study, there was still an increase in the expression of AT1R and a decrease in AT2R in the kidneys from postpace DnX rabbits. We found this change was not necessarily associated with changes in Fig. 4 . Validation of DnX (protocol 2). Shown is percent change in RBF in response to oropharyngeal smoke before and after pacing in intact (n ϭ 5) and renal DnX animals (n ϭ 5). *P Ͻ 0.05, postpace vs. prepace intact group. †P Ͻ 0.05 DnX vs. intact group. RBF. This finding could be due to changes in circulating factors that, while not influencing RBF, may influence gene expression in the vasculature. The expression of AT1R and AT2R in the kidney has been well documented. Miyata et al. (39) used immunohistochemical and RT-PCR techniques in the rat to identify AT1R in tubular and vascular elements, especially in cortical blood vessels, which corroborates the findings of the current study. Miyata et al. also described AT2R expression in similar locations as the AT1R except no AT2R was detected in the glomeruli or medullary thick ascending limb. Gonzalez et al. (22) showed that AT2R expression was reduced in resistance arteries in response to a high-salt diet.
While the precise mechanism by which renal DnX modulates AT1R and AT2R expression is not clear, the balance between the vasoconstrictor properties of AT1R stimulation and the vasodilator effects of AT2R stimulation was clearly shifted to vasoconstriction in animals with chronic HF. This balance was largely reversed in HF animals following renal DnX. These data support those of Abdulla et al. (2) in which blockade of AT1R reduced RVR in SHR rats. In addition, DiBona and Sawin (16) showed an enhanced vasoconstriction in response to graded renal nerve stimulation in HF rats, and this response was normalized by pretreatment with losartan, an AT1R antagonist. On the other hand, Rajapakse et al. (48) showed a reduction in neurogenic vasoconstriction following AT2R blockade in normal anesthetized rabbits. The differences between this study and the current study are not clear. The pharmacological nature of the study by Rajapakse et al. does not allow for reasonable comparisons to be made.
It is well accepted that activation of the AT2R results in vasodilation by a nitric oxide (NO)-dependant mechanism (30) . Interestingly, most studies have pointed to endothelial dysfunction mediated by a decrease in NO release and NO synthase expression in HF (31, 55) . Most of these studies have concentrated on vascular beds other than the kidney. We postulate that modulation of the AT2R may be extremely important in the preservation of RBF and renal function in the setting of chronic HF. On the other hand, there are several studies showing the importance of a variety of vasoconstrictor pathways on RBF modulation including the AT1R and the ET A receptor (1, 49) . Stimulation of AT1Rs in the vasculature evokes vasoconstriction through direct mobilization of calcium into VSMC and by activation of vascular smooth muscle NADPH oxidase to increase superoxide production (23) . This process is accentuated in cardiovascular disease (25) , which makes the importance of reducing AT1R expression critical to the maintenance of normal or near-normal renal hemodynamics.
The renal sympathetic nerves terminate on various elements in the kidney (4). These include preglomerular resistance vessels, juxtaglomerular cells, and renal tubular components. There have been no studies evaluating the role of the renal nerves on ANG II receptor expression in the HF state. The changes in receptor expression observed in the present study may be due to a direct effect of the renal nerves on AT1R and AT2R trafficking and/or transcription. Wang et al. (53) suggested that NE increases angiotensinogen gene expression in tubular cells via a cAMP response element upstream of the angiotensinogen gene. This group further implicated the ␣2-and ␤1-adrenoreceptors, but not the ␣-1 adrenoreceptors, in mediating this effect (8) . However, Du et al. (18) found in rat aorta and cultured VSMCs that NE induced a downregulation of the AT1R through activation of the ␣1-adrenoreceptors. Contrary to this finding, in neurons cultured from SHR but not Wistar-Kyoto rats, NE did not alter expression of AT1R (47), indicating genetic differences or disease status may alter regulation of protein expression. On the other hand, activation of the renal sympathetic nerves clearly stimulates juxtaglomerular cell release of renin by a ␤1-receptor-mediated process (29) , which could augment local concentrations of ANG II to initiate upregulation of the AT1R (9) . While this mechanism has not been investigated further in the kidney, this laboratory and other have shown a positive feedback system mediated by activation of a variety of transcription factors in response to ANG II to upregulate AT1R message and protein in extrarenal tissues in HF (36, 54) . These transcription factors include NF-B, AP-1, and CREB. It will be important to investigate the downstream signaling pathways that are targeted by increases in renal sympathetic nerve activity.
While our data clearly show a reduction in renal cortical NE content in animals with renal denervation, it is well accepted that circulating catecholamines are elevated in chronic HF states (11) . However, in the present study, it does not appear that circulating NE is involved to a major extent in the regulation of renal blood flow in HF since DnX normalized RBF in rabbits with HF.
While we cannot rule out an influence of renal afferents, in the present study we do not believe that interruption of afferent pathways plays a major role in the modulation of either blood flow or ANG II receptor expression. As further evidence for a link between renal efferent nerve activation and AT1R expression, we have previously shown a decrease in RSNA following exercise training in animals with HF (21) . Interestingly, in preliminary experiments we have shown that exercise training reduces the upregulated AT1R expression in the renal cortex (10) . These data strongly suggest an important contribution of the renal nerves to ANG II receptor expression in hyperadrenergic states and its modulation by both physiological means and by surgical intervention.
The animals in the present study exhibited a significant reduction in cardiac function as a result of chronic pacing (Table 1) . However, unilateral renal sympathetic DnX did not appear to influence the severity or course of the disease process. Other studies have shown a palliative effect of reducing global sympathetic nerve activity and/or adrenergic stimulation on cardiac dysfunction in HF (35) . There may be several reasons for this discrepancy. First, our model of HF (chronic pacing) results in a dilated cardiomyopathy. Most other studies are performed in the coronary ligation model of HF. Interestingly, in an ischemic model of HF in the rat, bilateral renal denervation before myocardial infarction did improve left ventricular function after 4 wk (42). Second, chronic ventricular pacing is maintained throughout the duration of the study, evoking a progressive and continuous myocardial abnormality. Last, while the kidney contributes to circulating NE (52), we have concentrated on reducing sympathetic outflow only to one kidney in this model, making it unlikely that global sympathetic function has changed.
The so called cardiorenal syndrome is of major importance in the pathophysiology of patients with chronic HF (44) . Unfortunately, attempts to block various vasoconstrictor pathways by systemic administration of antagonists (e.g., losartan, bosentan, V1 antagonist) have not been very successful in normalizing renal function in this group of patients (33) . Systemic administration of these agents may evoke hypotension, further compromising the ability of the kidney to maintain its blood flow. Recent evidence suggests that intrarenal adenosine receptors may be important in mediating renal vasoconstriction and the cardiorenal syndrome (17) . Our data add to the importance of intrarenal receptor modulation in the pathophysiology of the cardiorenal syndrome via the AT1R and AT2R on the renal cortical vasculature. 
Limitations
While the current study clearly shows an influence of the renal nerves on blood flow, vascular resistance, and ANG II receptor expression in HF, we recognize some limitations to this study that should be discussed. First, we did not measure indices of renal function beyond blood flow. We would predict that renal DnX would increase GFR and mobilize salt and water excretion. In fact, classic studies show that inhibition of adrenergic function by either pharmacological or surgical techniques increases salt and water excretion (5, 14) . Other studies have shown a natriuretic and diuretic response to chronic renal DnX (51, 56), which we believe would be augmented in the HF state.
Second, the intracellular and downstream pathways for the effects of renal DnX on AT1R and AT2R expression were not evaluated in this study. As indicated above, we and others have shown several signaling molecules that participate in AT1R expression in HF. Little is known about the modulation of the AT2R, especially in the setting of chronic HF.
Third, it is plausible to suggest that one potential mechanism for the upregulation of the AT1R in the kidney of animals with HF is an adrenergic influence on renin release to evoke an ANG II-dependent upregulation of the AT1R (9) . Previous studies have reported an increase (26) and no change (25) in the expression of AT1R in response to ANG II infusion. It will be important to carry out studies in which direct intrarenal infusion of AT1R antagonists can be done to evaluate this issue.
In summary, we have shown for the first time a major influence of the renal sympathetic nerves on ANG II receptor expression in resistance vessels in the kidneys of rabbits with chronic, pacing-induced HF. While no cause and effect relationship has been established, it is reasonable to suggest that the imbalance between AT1R and AT2R expression contributes to the reduction in RBF in this disease state. Renal neural influence on membrane receptors should be considered in a description of mechanisms that may participate in the cardiorenal syndrome in chronic HF.
